Clinical strains of Stenotrophomonas (Xanthomonas) maltophilia often show large, growth temperature-dependent, variations in their susceptibility (TDVS) to aminoglycoside antibiotics. Strains showing more than a fourfold increase in susceptibility between 30° and 37°C (TDVS+ strains; n = 23) were contrasted with those showing lesser variation (TDVS-strains; n= 15) in studies of growth temperature-dependent variation in protein and cell-wall lipopolysaccharide (LPS) electrophoresis patterns in an attempt to determine the mechanism of TDVS. Several proteins showed increased intensity with increasing growth temperature. These comprised bands at c. 65, 55, 42.5, 26 and 21.5 kDa in the whole cell proteins, an outer membrane protein band at c. 21.5 kDa, and cytoplasmic membrane protein bands at c. 42.5 and 27 kDa. Two whole cell protein bands at c. 30 and 24 kDa and three outer membrane protein bands at c. 45, 30 and 24 kDa decreased in intensity with increasing growth temperature. However, there was no correlation with the extent of variation in susceptibility, either in the extent of temperature dependent changes in protein banding patterns, or the presence or absence of specific protein bands. By contrast, temperature-dependent variation in LPS patterns correlated well with TDVS. TDVS+ strains yielded intense ladder patterns of more than 30 discrete bands, and the mean molecular weight of the ladder pattern was markedly higher at growth temperatures <30°C, than at >37°C. TDVS-strains gave a clearly distinct high mol. wt LPS banding pattern showing fewer, less intense bands and a smaller and less consistent shift in mean molecular weight with temperature. Strains which were clearly resistant at 30° and 37°C, had a high mol. wt. polysaccharide component but an absence of the typical LPS-ladder pattern. We conclude that the temperature-dependent variation in the aminoglycoside susceptibility of this species was not correlated with any detectable change in protein composition, but correlated well with changes in LPS structure.
mastoiditis and purulent conjunctivitis (Sutter, 1968; Harlowe, 1972; Patrick et al., 1975; Muder el al., 1987; Kato & Marioka, 1991; Nguyen & Muder, 1994) . The organism is chiefly associated with nosocomial infection, often in debilitated or immunosuppressed patients, particularly in children with HIV infection (Roilides et al., 1992) and in patients with AIDS and AIDS-related complex (Franzetti et al., 1992) , or with a haematologic malignancy (Kerr, Corps & Hawkey, 1991; Arpi et al., 1994) . This organism has been isolated from venous catheter-related infections (Kiehn & Armstrong, 1990) .
S. maltophilia strains tend to be notably less susceptible to aminoglycoside antibiotics when incubated at 30°C than at 37°C, but the mechanisms of this temperaturedependent variation in susceptibility (TDVS) have not been elucidated. Wilcox, Winstanley & Spencer (1994) reported that three proteins of 24, 53 and 55 kDa were expressed in strains of S. maltophilia at 30°C but not at 37°C, and suggested that changes in protein structure and occurrence of extra proteins at 30°C correlated with temperature-dependent resistance to aminoglycosides.
However, increased antibiotic susceptibility in mutant strains of Gram-negative bacteria, particularly in Pseudomonas aeruginosa, has been attributed to alterations of cell envelope lipopolysaccharides (LPS) (Godfrey, Hatlelid & Bryan, 1984; Bryan, O'Hara & Wong, 1984; Rivera et al., 1988) , and growth temperature-dependent changes in LPS structure have been detected in Aeromonas spp., occurring mainly in the O-polysaccharide chains (Tso & Dooley, 1995) .
In a previous study (Rahmati-Bahram, Magee & Jackson, 1995) we have shown that alterations in outer membrane conformation and fluidity of S. maltophilia cell membranes at different incubation temperatures correlate with variations in susceptibility to aminoglycoside antibiotics. In the present study, incubation temperature-dependent changes in LPS, whole cell proteins, cytoplasmic membrane proteins and outer membrane proteins were examined and contrasted in strains of S. maltophilia showing marked (TDVS+), or little (TDVS -) temperature-dependent variation in aminoglycoside susceptibility.
Materials and methods

Bacterial strains
Thirty-eight S. maltophilia strains were studied; thirty-three were clinical isolates obtained from the University Hospital of Wales (Cardiff), the Royal Hallamshire Hospital (Sheffield), or the Rigshospitalet Copenhagen (Denmark), and five were reference strains (NCTC 10257, 10258, 10259, 10498 and 10499) . Twenty-three of these showed marked temperature-dependent variation in susceptibility and 15 showed little temperature-dependent variation in susceptibility (TDVS was scored as good if a four-fold or greater difference in MIC was found between 30° and 37°C, and otherwise as poor). Stock cultures were maintained at -70°C in 10% glycerol broth (PRO-LAB). Isolates were cultured on blood agar, incubated aerobically at 30° and 37°C (three selected TDVS-strains, and four TDVS+ strains were incubated at 20°, 30°, 37° and 40°C) for 24 h. Susceptibility profiles have been reported previously (Rahmati-Bahram et al., 1995) .
Preparation of LPS and whole cell proteins:
The method of Hitchcock and Brown (1983) was used with some modifications. Briefly, organisms were harvested with a sterile glass swab and suspended in 5 mL of cold sterile PBS, to a turbidity of 1 at 550 nm. A portion (1.4 mL) of the suspension was centrifuged for 4 min at 6500 rpm and the pellet was suspended in 50 fiL of lysing buffer (sodium dodecyl sulfate, 0.2 g; 2-mercaptoethanol, 0.4 mL; bromophenol blue, 10 mg; 6% Tris solution pH 6.8, 3 mL; glycerol, 1 mL; distilled water, 6 mL). Lysates were heated at 100°C for 10 min. Ten ixL of lysing buffer containing 25 /ig of proteinase K (Sigma) was added to each boiled lysate. Lysates were incubated at 60°C for 60 min.
Similar methods were used to prepare whole cell proteins, but without addition of the proteinase K. The concentration of proteins were estimated and adjusted to an equal concentration (c. 300 ^g/mL) according to the method of Read & Northcote (1981) .
Preparation of outer and cytoplasmic membranes
Outer membrane (OM) and cytoplasmic membrane (CM) fractions were prepared as described previously (Rahmati-Bahram et al., 1995) .
SDS polyacrylamide gel electrophoresis:
SDS-PAGE of proteins and LPS were performed in the discontinuous buffer system of Laemmli (1970) as described by Hames & Rickwood (1990) in a vertical slab cell system (Hoefer Scientific Instruments Model No. SE600, San Francisco, California, USA). Samples were boiled for 5 min and centrifuged at 13,000 rpm. Gels were run at 130 V through acrylamide 4% stacking gels and at 350 V through 12.5% acrylamide separating gels. Run times of 2.5-3.5 h were achieved with this system. Protein bands were visualized by Coomassie blue staining. LPS bands were stained by the method of Hitchcock & Brown (1983) with some modifications. Gels were fixed overnight in 200 mL of fixing solution (50 mL isopropanol, 150 mL of 7% acetic acid), then oxidized for 5 min in 150 mL of freshly prepared oxidizing solution (periodic acid 1.05 g; isopropanol, 1 mL; 7% acetic acid 3 mL; distilled water 150 mL), washed eight times in 250 mL distilled water for 30 min, and then immersed for 10 min in freshly prepared staining solution (0.1 N NaOH 28 mL; 35% ammonium hydroxide 1 mL; distilled water 115 mL; about 5 mL of 20% silver nitrate was added to this solution drop by drop until any permanent precipitate had disappeared). The gels were washed four times for 10 min in 200-250 mL of distilled water; developed for 10-15 min in 250 mL of developer solution (citric acid 125 mg, 37% formaldehyde 125 /*L; water 250 mL) and immersed in stop solution for ten min (distilled water 200 mL, 7% v/v acetic acid 10 mL). Finally, the gels were washed with 250 mL of distilled water.
Results
Electrophoretic analysis of whole cell proteins
Whole cell protein SDS-PAGE profiles of a representative strain grown at a range of incubation temperatures are shown in Figure 21.5 kDa showed increased intensity with increasing incubation temperatures. Two bands at 30.5 and 24 kDa decreased in intensity with increasing temperature. The band at c. 65 kDa was the most intense feature of patterns from strains incubated at ^37°C. Occurrence and variation of these proteins was similar for the TDVS+ and TDVSstrains. Neither the changes in pattern with changing temperature, nor the presence/ absence of specific bands at either 30' or 37 = C showed any consistent correlation with the presence or absence of temperature-dependent susceptibility variation.
Variation in intensity of some other protein bands with growth temperature were seen but were not constant among the strains examined.
Electrophoretic analysis of outer membrane and cytoplasmic membrane proteins
Outer membrane (OM) and cytoplasmic membrane (CM) protein SDS-PAGE profiles of a representative strain grown at a range of incubation temperatures are shown in Figures 2 and 3 respectively. OM fraction protein bands at c. 65 and 40 kDa were constant at the four incubation temperatures and the 40 kDa band was the most intense feature. Three OM bands at c. 45, 30 and 24 kDa MW, decreased in intensity with increasing incubation temperature, a band at c. 21.5 kDa increased with increasing incubation temperature as seen in whole cell proteins.
CM fraction protein bands at c. 42.5 and 27 kDa showed increased intensity with increasing incubation temperature. Occurrence and variation of these proteins was similar for TDVS+ and TDVS-strains. Minor differences in expression of some other protein bands were also detected, but were not consistent in all of the strains.
LPS analysis
LPS electrophoresis revealed clear differences between the TDVS + and TDVS -strains (Figure 4) . TDVS+ strains consistently showed a high mol. wt intense ladder pattern of more than 30 bands at incubation temperatures ^30°C. Similar patterns, but generally with fewer bands, have been reported for other Gram-negative organisms, where the ladder is thought to represent heterogeneity in the length of O-polysaccharide chains (Goldman & Leive, 1980; Palva & Makela, 1980) . In TDVS+ strains, this ladder pattern showed an ordered progressive shift with increasing growth temperature, towards the lower mol. wt range, and the lower mol. wt bands became more intense (Figure 4, lanes E-H) .
In contrast, TDVS-strains showed less intense banding patterns with a much shorter, more poorly denned ladder. As for TDVS+ strains, this pattern was in the high mol. wt range for strains at <30°C. However, for the TDVS-strains, the change in mean mol. wt of the LPS pattern with growth temperature was small, and did not show a consistent decrease in mean mol. wt with increasing growth temperature. showed less intense, smeared LPS banding pattern of high molecular weight which did not shift to lower mol. wt with increasing growth temperature. Strains showing resistance at 30°C and borderline susceptibility at 37°C (Figure 4 , lanes I-L) remained readily distinguishable from TDVS+ strains. However, their LPS banding patterns were less intense, less extensive, and less well defined than those showing good temperature-dependent variation in susceptibility and the ordered shift to a lower mol. wt banding with increasing growth temperature was only apparent at 40°C.
Discussion
Most clinical strains of S. maltophilia are susceptible to aminoglycoside antibiotics at 37°C but resistant at 30°C in in-vitro tests. The exact mechanisms of this temperaturedependent sensitivity remain unknown. Our previous work (Rahmati-Bahram et al., 1995) showed that resistance to aminoglycoside antibiotics at 30°C correlated with changes in the conformation of the outer membrane, suggesting that binding or uptake of the antibiotic was inhibited at the lower incubation temperature.
Results obtained from the current investigation showed that the average molecular size of LPS molecules containing O-antigen decreased with increasing incubation temperature of S. maltophilia. SDS-PAGE separates LPS molecules according to size (Jann, Reske & Jann, 1975; Palva & Makela 1980; and our results revealed that the LPS band pattern shifted to lower molecular weight at higher growth temperatures of the bacteria. Importantly, the results (Figure 4 , lanes E-H) suggest that temperature-dependent susceptibility of the organisms to the aminoglycosides is directly correlated to changes in LPS structure.
The ladder pattern obtained in the SDS-PAGE of LPS reveals the heterogeneity of size of the individual LPS molecules in these strains (Neal & Wilkinson, 1979) . Growing the organisms at the lower temperatures (20°, 30°C) caused an increase in the chain length of the O-antigen sugars as evidenced by the shift to a higher overall molecular weight. Interestingly, the SDS-PAGE results of LPS from two strains which were resistant to gentamicin at both 30° and 37°C, revealed only bands corresponding to the high molecular weight O-antigen components and an absence of the typical ladder pattern. This suggests that these resistant strains had LPS of a much more uniform size than in those strains exhibiting temperature-dependent gentamicin sensitivity. Furthermore, in two strains which were at the borderline of sensitivity at 37°C but resistant at 30°C, silver staining and SDS-PAGE revealed a less intense O-antigen with an average molecular size smaller than in the TDVS+ strains grown at 30°C. This indicates that the O-side chain sugars are prerequisite for the interaction of aminoglycosides with outer membrane binding sites.
Cationic antibiotics such as the aminoglycosides bind to and perturb the packing arrangement of isolated LPS (Schindler & Osborn, 1979; Peterson, Hancock & McGroarty, 1985) suggesting that their site of interaction on the outer membrane is LPS. Absence of the LPS ladder pattern in the two strains with resistance to aminoglycosides implies that O-side chain repeating units are essential either for direct binding of the antibiotics or supplying a suitable radius in relationship to outer membrane pores to enhance entrance of aminoglycosides by that route through the outer membrane. This hypothesis was emphasized by Angus, Fyfe & Hancock (1987) and they suggested that the functional state of hydrophilic pores through the outer membrane could be influenced by the surrounding LPS molecules. The absence or reduction in O-side chains or truncation of the LPS core are known to increase resistance to a variety of cations, including gentamicin .
LPS-defective P. aeruginosa strains show a lower binding affinity for gentamicin than wild-type strains (Kadurugamuwa, Lam and Beveridge, 1993) , and this may be due to the altered molecular architecture of the outer membrane. Changes in the length of the O-side chains may alter the number and spatial arrangement of the negative charge of LPS moieties, altering the specificity, number, position and composition of cation binding sites. Our results suggest that it is not only the presence of the O-antigen sugars which are necessary for the sensitivity of 5. maltophilia strains to aminoglycosides but also the overall size or chain length of the sugars are an important factor. Thus, the long side-chain LPS molecules present in the outer membrane of the strains showing TDVS+ at lower incubation temperatures, may be interlocked to form a physical barrier, preventing migration of the aminoglycosides through the LPS layer. This hypothesis is clearly supported by our results; there was good correlation between mean LPS chain length and decreased susceptibility for strains showing temperature-induced variation in susceptibility, and strains with highly reduced LPS side chains at all incubation temperatures were also uniformly resistant to aminoglycosides at all incubation temperatures.
Binding of cationic aminoglycoside antibiotics to the outer membrane requires the presence of negative charges on the surface of the bacteria. These are almost exclusively present on the LPS molecules (Schindler & Osborn, 1979; . Studies of the O-antigen composition in several strains of S. maltophilia have revealed that the longer O-antigen repeating units are devoid of phosphate and other charged sugars, these being present mainly in the core region (Neal & Wilkinson, 1979) . Thus it may be that a certain size of O-antigen polysaccharide can enhance cation binding to these sites, as has been suggested (Angus et al., 1987) and polysaccharides greater than this optimum size act to mask these binding sites.
Protein expression may also be important in the interaction and sensitivity of bacteria to the aminoglycosides. Hirai et al. (1987) , reported that a 54 kDa outer membrane protein in norfloxacin resistant mutants of P. aeruginosa may act as a permeability barrier to norfloxacin or interact with other membrane proteins or LPS altering the cell permeability to beta-lactam and aminoglycoside antibiotics. Lecso-Bornett et al. (1992) , studying quinolone-resistant mutants of S. maltophilia suggested that 48 and 50.5 kDa proteins played a role in blocking permeability of quinolones. Wilcox et al. (1994) , reported that the proteins of 24, 53 and 55 kDa molecular weight were expressed in the outer membrane of S. maltophilia strains grown in the presence of gentamicin at 30°C but not at 37°C, concluding that temperature-dependent resistance was due to expression of these proteins at the lower incubation temperature. In our study, in the absence of gentamicin, proteins at c. 45, 30 and 24 kDa were expressed at lower temperatures in the outer membrane fraction. Occurrence of these proteins at lower incubation temperature may reduce cell envelope fluidity or may act as a permeability barrier to aminoglycoside transport across the cell envelope (Wilcox et al., 1994) . However it is difficult to relate the precise role of the proteins to sensitivity or resistance as the identity of the proteins is presently unknown.
It has been proposed that polycationic compounds such as aminoglycosides and polymyxin B alter the structure of the outer membrane and provide a pathway for their own uptake (Hancock, 1984; Nikaido & Vaara, 1985) . The increases in the OM or CM and whole cell fraction proteins of c. 65, 55, 42.5, 27, 26 and 21 .5 kDa seen in this study, with increasing temperature, may be a mechanism for switching and facilitating such uptake pathways, and it might be tempting to speculate that these proteins play a role in the uptake of aminoglycosides. It is also possible that some of the proteins expressed at higher growth temperatures are heat-shock proteins. However, it is impossible to assign a function to any of these proteins from the information available, and it seems unlikely that any are associated with the temperature-dependent susceptibility because there were no differences in these protein bands that were uniformly expressed between the groups of strains showing large variation in antibiotic susceptibility and the group showing little or no change in susceptibility.
S. maltophilia is becoming an increasingly important opportunist microorganism. An understanding of the mechanisms of temperature-dependent alterations in sensitivity to aminoglycosides is important not only for the accurate laboratory determination of susceptible strains but also for clinical therapy. The present study suggests that temperature-dependent variation in susceptibility to aminoglycosides in S. maltophilia is correlated with changes in LPS structure and strains expressing LPS with a larger O-antigen component are more resistant to aminoglycosides.
Work is currently in progress in our laboratory to identify the binding sites for gentamicin which are critical for the uptake of this antibiotic into S. maltophilia.
